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p120 Catenin-Associated Fer and Fyn Tyrosine Kinases
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B-Catenin has a key role in the formation of adherens junction through its interactions with E-cadherin and
a-catenin. We show here that interaction of 3-catenin with a-catenin is regulated by the phosphorylation of
-catenin Tyr-142. This residue can be phosphorylated in vitro by Fer or Fyn tyrosine kinases. Transfection of
these kinases to epithelial cells disrupted the association between both catenins. We have also examined
whether these kinases are involved in the regulation of this interaction by K-ras. Stable transfectants of the
K-ras oncogene in intestinal epithelial IEC18 cells were generated which show little a-catenin—f3-catenin
association with respect to control clones; this effect is accompanied by increased Tyr-142 phosphorylation and
activation of Fer and Fyn kinases. As reported for Fer, Fyn kinase is constitutively bound to p120 catenin;
expression of K-ras induces the phosphorylation of p120 catenin on tyrosine residues increasing its affinity for
E-cadherin and, consequently, promotes the association of Fyn with the adherens junction complex. Yes
tyrosine kinase also binds to p120 catenin but only upon activation, and stimulates Fer and Fyn tyrosine
kinases. These results indicate that p120 catenin acts as a docking protein facilitating the activation of Fer/Fyn
tyrosine kinases by Yes and demonstrate the role of these p120 catenin-associated kinases in the regulation of

B-catenin—a-catenin interaction.

Cell-cell contacts among epithelial cells have a crucial func-
tion in organized tissues and are mainly mediated by adherens
junctions and desmosomes. In adherens junctions, although
the extracellular domain of E-cadherin is essential for connect-
ing cells through homophilic interactions, its intracellular do-
main is required for regulating cell-cell adhesion. The latter
domain is indirectly associated with the actin cytoskeleton
through either B-catenin or plakoglobin and a-catenin. These
interactions are essential for proper cell adhesion (3, 28, 36).
Another catenin, p120, also binds to the cytosolic region of
E-cadherin through a different subdomain (11, 37, 48).

Tyrosine phosphorylation of the cadherin-catenin complex
has been implicated in the regulation of adhesion (12, 14, 23).
Indeed, stimulation of growth factor receptors or oncogenic
Src kinases is implicated in the negative regulation of intercel-
lular contacts (6, 26, 31, 41, 42). On the other hand, ectopic
expression of phosphotyrosine (PTyr) phosphatases strength-
ens cell-cell adhesion (27, 45). Two components of the adhe-
rens junction complex have been considered the main targets
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of tyrosine kinases/phosphatases: B-catenin and p120 catenin.
p120 catenin is highly phosphorylated by Src tyrosine kinase
(25) and phosphorylation by this kinase increases the affinity of
p120 catenin for E-cadherin (39). However, the exact role of
p120 catenin in the regulation of adherens junction is not clear
since different authors have suggested negative and positive
effects (reviewed in reference 4). On the other hand, increased
tyrosine phosphorylation of B-catenin is associated with adhe-
rens junction disruption (22; see references 12 and 23 for
reviews). Using direct in vitro measurements, we have reported
that phosphorylation of B-catenin by Src kinase decreases the
interaction of this protein with E-cadherin. The modified res-
idue was identified as Tyr-654 (39), which contributes to E-
cadherin binding by establishing an ionic pair with E-cadherin
Asp-667 (19). Although Src kinase can phosphorylate Tyr-654,
it does it inefficiently, indicating that other tyrosine kinases are
responsible for this modification in vivo. Indeed, the epidermal
growth factor receptor and its homologue erbB2 both phos-
phorylate and interact with B-catenin (17, 42) and share the
same binding domain, i.e., the C-terminal armadillo repeats of
B-catenin, where Tyr-654 is located. Moreover, other tyrosine
kinases such as Fer, Fyn, or Yes, interact with several members
of the adhesion complex (21, 38, 46).

Besides the interaction of B-catenin with E-cadherin, the
binding to a-catenin is also regulated by tyrosine phosphory-
lation. For instance, addition of the tyrosine phosphatase in-
hibitor peroxyvanadate to several cell lines disrupts B-catenin—
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a-catenin association (18, 32). The a-catenin-binding site in
B-catenin has been assigned to a short sequence (amino acids
118 to 146) placed between the N-tail and the first armadillo
repeat (1). This sequence contains only one tyrosine, Tyr-142,
which is essential for the interaction with a-catenin (2). This
residue is required for the stabilization of the B-catenin struc-
ture involved in this binding: the aromatic ring of Tyr-142
forms van der Waals contacts with several residues of a-cate-
nin (35). Moreover, the hydroxyl group of Tyr-142 lies very
close to B-catenin Asp-144 and Glu-147. We hypothesized that
phosphorylation of this residue may interfere with B-catenin—
a-catenin association.

We report here that Tyr-142 can be phosphorylated by the
nonreceptor tyrosine kinases Fer or Fyn. As expected, modi-
fication of this amino acid disrupts B-catenin—a-catenin bind-
ing. Phosphorylation of Tyr-142 occurs in experimental condi-
tions that decrease the B-catenin—a-catenin interaction, such
as after K-ras transfection. Fer and Fyn kinases are normally
found associated with p120 catenin; phosphorylation of this
catenin on Tyr residues increases the binding of Fer/Fyn-p120
catenin complex to E-cadherin. This interaction is increased by
K-ras transfection. These results suggest a role for p120 cate-
nin as a regulatory protein in adherens junctions by recruiting
to the complex tyrosine kinases that can modulate a-catenin—
B-catenin interaction.

MATERIALS AND METHODS

Expression of recombinant proteins in Escherichia coli. Expression and puri-
fication of full-length murine B-catenin and point mutants Tyr—86Phe,
Tyr—654Phe, Tyr—86/654Phe as glutathione S-transferase (GST) fusion pro-
teins were performed as described previously (39). B-Catenin point mutants
Tyr—142Glu and Tyr—142Phe were obtained using the QuikChange site-di-
rected mutagenesis kit (Stratagene). A PCR was performed using Pfx polymer-
ase, pGEX-6P3-Bcatenin as template, and oligonucleotide primers containing
each mutation. Sense primers used for generation of Tyr—142Glu and
Tyr—142Phe mutants were, respectively, 5'-TTGATTAACGAGCAGGATGA
C-3" and 5'-TTGATTAACTTTCAGGATGAC-3'. Changes are indicated in
boldface type. After amplification, the product was treated with Dpnl, which
digests the parental construct. Finally the nicked plasmid was transformed and
sequenced. Wild-type or mutant B-catenin cDNAs were inserted in the BamHI
site of pcDNA3.1His(C) plasmid. A Sal/lI-NotI DNA fragment corresponding to
the full-length murine p120 catenin (provided by A. Reynolds, Vanderbilt Uni-
versity, Nashville, Tenn.) was cloned into SalI-NotI sites of pGEX-6P2 (Amer-
sham Pharmacia Biotech). The expressed fusion GST-p120 catenin and the
GST-cytosolic domain of murine E-cadherin (cytoEcadh) were purified as de-
scribed (39).

Protein binding assays. Pull down assays were performed incubating 6.7 pmol
of GST—B-catenin (wild type or point mutants) with 40 wg of RWP1 or IEC18
K-ras total cell extracts in binding buffer (50 mM Tris-HCI [pH 7.3], 150 mM
NaCl, 3 mM MgCl,, 1 mM EDTA, 1 mM dithiothreitol, 0.1% [wt/vol] Triton
X-100) in a final volume of 200 w1 for 30 min at 25°C. When indicated, 15 pmol
of GST-cytoEcadh was incubated, in the presence or absence of 5.4 pmol of p120
catenin phosphorylated or not by pp60°**, with 40 pg of IEC18 K-ras total cell
extracts. Conditions for binding assays with recombinant proteins were previ-
ously described (34, 39). Protein complexes were isolated by incubation with 40
wl of a 50% (wt/vol) suspension of glutathione-Sepharose 4B (Amersham Phar-
macia Biotech) for 30 min at 25°C. Beads were collected by brief centrifugation
and washed three times with binding buffer. Samples were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and the pres-
ence of bound proteins in the complex was analyzed by Western blot with specific
monoclonal antibodies (MAbs). Reanalysis of the blots with a different antibody
was performed after stripping the membranes as described (43). Monoclonal
antibodies against B-catenin, a-catenin, E-cadherin, p120 catenin, Fyn, Yes, and
PTyr were from Transduction Laboratories; Src was from Upstate Biotechnol-
ogy; pan-Ras was from Calbiochem; and anti-Xpress was from Invitrogen. Poly-
clonal antibody against GST was from Amersham Pharmacia Biotech.

MoL. CELL. BIOL.

Fer - + + + + +

GST-B-cat WT WT Y86F Y142F Y654F YBGF!

120k0a — A i oot

120kDa —
anti PTyr

B
Tyrosine
kinase Fer Fyn Yes Sre
GST-p-cat WT Y142F WT Y142F WT Y142F WT Y142F

WE:
SRS R e ey

120 kDa — s s S S BN s sm— it [-cat

120kDa — -

c

Fer - + * i

GST-p-cat WT WT Y142F Y142E

100 kDa — F’ P G iy
. anti a-cat

120kDa — m anti p-cat

FIG. 1. Fer and Fyn kinases phosphorylate 3-catenin Tyr-142, and
this phosphorylation decreases a-catenin—3-catenin interaction. (A)
GST-B-catenin fusion proteins (6.7 pmol, 0.8 pg) were phosphorylated
with Fer kinase purified from transfected RWP1 cells as described in
Materials and Methods. Phosphorylation was analyzed by Western
blotting with anti-PTyr MAb. The membrane was stripped and rean-
alyzed against B-catenin to check that similar levels of GST—f-catenin
were phosphorylated in all cases. (B) Wild-type GST—B-catenin or
Tyr-142—Phe mutant (Y142F) was phosphorylated under the condi-
tions indicated, either with Fer purified from transfected RWP1 cells,
with Fyn or Yes kinases immunoprecipitated from transfected RWP1
cells, or with recombinant pp60°*'“. Samples were analyzed by Western
blotting with anti-PTyr MAb and reblotted with anti-B-catenin. (C)
GST—B-catenin fusion proteins were phosphorylated with Fer as
above. Pull down assays were then performed incubating the GST
proteins with 40 ug of total cell extracts from RWP1. The amount of
associated a-catenin was determined using specific MAb. WT, wild
type B-catenin; Y142F and Y142E correspond to B-catenin mutants
Tyr-142—Phe and Tyr-142—Glu, respectively. The estimated molec-
ular masses of the bands detected with each antibody are indicated.

Stable and transient transfections. Cell lines were routinely grown in Dulbec-
co’s modified Eagle’s medium supplemented with 10% fetal calf serum. For the
generation of stably transfected IEC K-ras cells, Vall2-mutant human K-ras,
cloned in pCEFL plasmid (a kind gift of J. M. Rojas, Instituto Carlos ITI, Madrid,
Spain) was transfected to IEC18 cells using Lipofect AMINE (Life Technologies)
and following the instructions of the manufacturer. Individual clones were iso-
lated after three weeks selection in G418 and expression of the oncogene was
verified by Western blot. All the clones analyzed presented the same phenotype.
As a control, empty pCEFI plasmid was transfected to the same cells. Transient
expression of ectopic proteins was achieved in 50% confluent RWP1, IEC18 or
IEC18 K-ras transfecting pEF-Bos-Fyn plasmid (provided by A. Carrera, Centro
Nacional de Biotecnologia, Madrid, Spain) pMIK-Neo-Yes kinase (provided by
M. Sudol, Mount Sinai Medical Center, New York, N.Y.), pcDNA3.His-Fer or
the indicated B-catenin forms in pcDNA3.His. Cells were analyzed 48 h after
transfection.
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FIG. 2. Overexpression of Fer or Fyn kinases in RWP1 induces B-catenin phosphorylation and reduces a-catenin—3-catenin interaction. RWP1
cells were transfected with 5 g of either pcDNA3-His-Fer (A), pEF-Bos-Fyn (B), or empty vector as control. After 48 h, cell extracts were
prepared. (A) As shown in the upper panel, to verify Fer- kinase transfection, 5 ng of untransfected or transfected RWP1 total cell extracts was
analyzed by SDS-PAGE and Western blot with anti-Xpress antibody corresponding to a tag that labels the transgene. As shown in the lower panel,
300 pg of the above-mentioned transfected-cell extracts was immunoprecipitated with anti-B-catenin followed by immunoblotting with antibodies
against a-catenin, -catenin, E-cadherin, and PTyr. The estimated molecular masses of the bands detected with each antibody are indicated.
(B) Same as in (A) except that cells were transfected with pEF-Bos-Fyn and analyzed with an anti-Fyn MAD.

Immunoprecipitations. Cell extracts were prepared from confluent or trans-
fected cultured cells resuspended in lysis buffer (50 mM Tris HCI, pH 7.6, 200
mM NaCl, 5 mM MgCl,, 0.1% Nonidet P-40, 1 mM dithiothreitol, 0.1 mM
sodium orthovanadate, 10 mM NaF, 1 mM phenylmethylsulfonyl fluoride, leu-
peptin [10 pg/ml] and aprotinin [10 wg/ml]) in ice for 30 min. Lysates were
centrifuged at 12,000 X g in a microcentrifuge for 15 min at 4°C. Cell extracts
(300 pg) were incubated with a 4-pg/ml concentration of antibody for 16 h at
4°C. Insoluble material was removed by centrifugation at 12,000 X g; and super-
natant was incubated for 90 additional min with 30 pl of protein A-agarose
(Sigma). Immunoprecipitates were washed twice with lysis buffer and bound
proteins were directly eluted with electrophoresis sample buffer and analyzed by
Western blot or used for kinase assays. When indicated, genistein (Calbiochem)
(100 wM) was added to the cell medium 20 h before preparing the extracts.

Kinase assays. pp60°*™ kinase was purchased from Upstate Biotechnology.
Fer kinase was cloned in pcDNA3-His(C) (Invitrogen), expressed as anti-Xpress
and polyhistidine-tagged protein in cells and purified with nickel nitrilotriacetic
acid-agarose (Qiagen). Purification was achieved by incubating 250 wg of cell
extracts in a final volume of 300 pl with 20 ul of a 50% (wt/vol) suspension of
nickel-agarose for 1 h at 4°C. Beads were washed twice with lysis buffer, and
occasionally, bound proteins were eluted with lysis buffer supplemented with 200
mM imidazole. Fyn or Yes tyrosine kinases were purified from cell extracts by
immunoprecipitation. Phosphorylation assays were performed in a final volume
of 30 pl of kinase buffer (25 mM Tris-HCI [pH 6.8], 25 mM MgCl,, 5 mM MnCl,,
0.5 mM EGTA, 1 mM dithiothreitol, 0.25 mM sodium orthovanadate, 0.1 mM
ATP) for 1 h at 22°C (Src assays) or 30°C (Fer, Fyn, or Yes assays).

RESULTS

We have tested various nonreceptor tyrosine kinases related
to the Src family, searching for a kinase that could specifically
phosphorylate B-catenin within a domain involved in a-catenin
binding. The region of B-catenin involved in the interaction
with a-catenin has been identified between amino acids 118 to
146 (2). Within this region, Tyr-142 was a plausible candidate

to be phosphorylated. Therefore, Tyr-142 was mutated to Phe
and this mutant and the wild-type form of B-catenin tested for
phosphorylation. Other B-catenin mutants, Tyr-86—Phe and
Tyr-654—Phe, which can be phosphorylated by tyrosine kinase
pp607¢ (39), were also analyzed. The wild type and these
tyrosine-B-catenin mutants were phosphorylated in vitro by a
purified preparation of Fer (Fig. 1A), a protein tyrosine kinase
which binds to adherens junction complexes (38). Fer phos-
phorylated efficiently wild-type B-catenin; replacement of Tyr-
142 by Phe affected B-catenin phosphorylation by this kinase
(Fig. 1A, lanes 2 and 4). Phosphorylation of B-catenin Tyr-
86—Phe, Tyr-654—Phe, or the double mutant did not differ
from that of wild-type B-catenin (Fig. 1A, lanes 2, 3, 5, and 6).
Other tyrosine kinases of the Src family were also tested for
phosphorylation. Although Src and Yes phosphorylated B-
catenin, only the action of Fyn was sensitive to Tyr-142 muta-
tion (Fig. 1B), indicating that only Fyn mimics the effect of Fer
on the modification of this residue.

To verify the relevance of Tyr-142 phosphorylation, the abil-
ity of B-catenin phosphorylated in this residue to bind a-cate-
nin was examined in vitro and compared with that of the
unmodified B-catenin. Recombinant GST—f-catenin was phos-
phorylated with purified Fer, and binding to a-catenin was
determined by pull down assays. As shown in Fig. 1C, very little
a-catenin was bound to the phosphorylated form of B-catenin
(lane 2) compared to the unmodified protein (lane 1). This
decrease in a-catenin association was not observed when a
Tyr-142—Phe B-catenin mutant was incubated with Fer (lane
3). Tyr-142 was also mutated to Glu in order to mimic the
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effect of the negative charge introduced by phosphorylation of
this residue. Pull down experiments indicate that B-catenin—o-
catenin interaction was completely blocked in this mutant
(lane 4). Interaction of the mutants with E-cadherin was un-
affected (data not shown). The results were the same when Fyn
tyrosine kinase was used instead of Fer (not shown). Thus,
these results suggest that Fer and Fyn kinases can modulate
a-catenin—B-catenin binding through phosphorylation of Tyr-
142.

To verify this conclusion, RWP1 cells were transiently trans-
fected with Fer or Fyn and a-catenin—f-catenin association
was determined by coimmunoprecipitation. As shown in Fig.
2A and B, less a-catenin was detected in the B-catenin immu-
noprecipitates of cells transiently transfected with either Fer or
Fyn than in nontransfected cells, which correlates with an
increased proportion of tyrosine phosphorylated B-catenin
(Fig. 2, lower panel). Contrarily, the association of B-catenin to
E-cadherin was not altered by Fer or Fyn transfection (Fig. 2).

We also investigated whether Tyr-142 phosphorylation and
the activity of tyrosine kinases was raised in conditions that
cause loss of cell-cell contacts. Expression of activated forms of
ras has been reported to disrupt intercellular adhesion (22).
Therefore, we generated stable transfectants of K-ras (Vall2)
oncogene in IEC18 intestinal epithelial cells. Transfection of
this oncogene loosened cell-cell contacts and altered the shape
of the cell (Fig. 3A). N- or H-ras also produced similar alter-
ations (not shown). While similar amounts of a-catenin and
E-cadherin were found in normal and K-ras cell extracts,
slightly higher levels of B-catenin were detected in K-ras cells
(Fig. 3B). No remarkable changes in the content of another
component of the adherens junction, p120 catenin, were de-
tected (Fig. 3B). Coimmunoprecipitation experiments showed
that B-catenin interaction with a-catenin and E-cadherin was
disrupted in IEC-K-ras cells (Fig. 3C). These changes corre-
late with an increased PTyr content of B-catenin in the K-ras
transfectants (Fig. 3C). The relevance of Tyr phosphorylation
in the disassembly of B-catenin complexes was confirmed treat-
ing IEC-K-ras cells with the tyrosine kinase inhibitor genistein,
a compound that has been used to inhibit src-family kinases in
epithelial cells (8, 15). Addition of this compound markedly
restored the adhesion of B-catenin to a-catenin and E-cad-
herin, and concomitantly decreased the PTyr content of
B-catenin (Fig. 3C). Cells incubated with genistein presented a
phenotype similar to parental IEC18 cells (not shown).

To examine whether the disassembly of B-catenin-a-catenin
complexes in the IEC-K-ras cells was a direct result of Tyr-142
phosphorylation of B-catenin, these cells were transiently
transfected with wild-type B-catenin or the B-catenin mutants
Tyr-142—Phe, Tyr-654—Phe or Tyr-86—Phe, labeled with a
polyhistidine tag. Transfected forms of B-catenin were purified
by Ni*"-agarose chromatography and their phosphorylation
status was examined. As shown in Fig. 4A, phosphorylation of
B-catenin Tyr-142—Phe and Tyr-654—Phe in these cells was
much lower than that of wild-type B-catenin or the Tyr-
86—Phe mutant. Thus, in K-ras transfected cells, B-catenin
Tyr-142 and Tyr-654 are being modified (Fig. 4A). In order to
verify the relevance of Tyr-142 modification in the disruption
of a-catenin—B-catenin interaction detected in Fig. 3, IEC-K-
ras cells were transfected with wild-type and Tyr-142—Phe
mutant. Again, this mutant incorporated much lower levels of
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FIG. 3. IECI18 K-ras: an in vivo cell system with reduced a-catenin—
B-catenin and E-cadherin-B-catenin interaction due to increased ty-
rosine phosphorylation. (A) Morphology of IEC18 and IEC18 K-ras
cell lines. (B) IEC18 or IEC18 K-ras total cell extracts (5 pg) were
analyzed by SDS-PAGE and immunoblotting with antibodies against
a-catenin, E-cadherin, B-catenin, p120 catenin, or Pan ras to check the
endogenous levels of each protein. (C) Extracts (300 wg) prepared
from the indicated cells were immunoprecipitated with anti-B-catenin
antibody, and this was followed by immunoblotting with the indicated
MADs. When indicated, genistein (100 uM) (GN) was added to the
IEC-K-ras cell medium for 20 h before preparing the extracts.
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PTyr (Fig. 4B). The amount of a-catenin that copurified with
B-catenin was higher in the Tyr-142—Phe mutant than in the
wild-type B-catenin (Fig. 4B), indicating that blocking Tyr-142
phosphorylation restored a-catenin—f3-catenin binding. No dif-
ferences were observed in the levels of E-cadherin associated
with B-catenin (Fig. 4B).

The activity of Fer and Fyn kinases was examined in our
cellular system. To test whether Fer kinase was activated in the
K-ras cells, IEC and IEC—K-ras cells were transiently trans-
fected with poly-His-tagged Fer. The activity of purified Fer
kinase on B-catenin was greater in IEC-K-ras than in control
cells (Fig. 5B). The PTyr content of Fer was also higher (Fig.
5A), further supporting the conclusion that the kinase is acti-
vated following transformation by K-ras. Fyn 3-catenin kinase
activity (Fig. 5D) and PTyr content (Fig. 5C) were also in-
creased in IEC-K-ras. In this case the analysis was performed
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FIG. 4. In IECI18 K-ras B-catenin, Tyr-142 and Tyr-654 are phosphorylated. Phosphorylation of Tyr-142 modulates the a-catenin—p-catenin
interaction in vivo. (A) IEC18 K-ras cells were transfected with 5 g of pcDNA3.1His-B-catenin (wild type or the indicated mutant forms) or empty
vector as control. After 48 h, cell extracts were prepared, His-tagged B-catenin was purified by chromatography on nickel-agarose, and the level
of phosphorylation was analyzed by Western blotting with PTyr MAb. Membrane was reanalyzed against B-catenin to check that similar levels of
expression were obtained in all the cases. Y86F, Y142F, and Y654F correspond to B-catenin mutants Tyr-86—Phe, Tyr-142—Phe, and Tyr-
654—Phe, respectively. (B) IEC18 K-ras cells were transfected with 5 ug of pcDNA3.1His-B-catenin (wild type or Tyr-142—Phe). His-tagged

B-catenin complexes were analyzed with the indicated MAbs.

on the endogenous tyrosine kinase immunoprecipitated with a
specific MAb.

Fer tyrosine kinase is constitutively associated with p120
catenin (21, 38; also data not shown). We examined whether
Fyn was also bound to p120 catenin and if this interaction was
affected by K-ras. Experiments of immunoprecipitation with
anti-p120 catenin (Fig. 6A) or anti-Fyn antibodies (Fig. 6B)
evidenced that these two proteins formed part of the same
complex. K-ras induced the tyrosine phosphorylation of p120
catenin (Fig. 6A), without affecting the total levels of this
protein (Fig. 6A and 3B). Tyrosine-phosphorylated p120 cate-
nin bound E-cadherin better than the unmodified protein (Fig.
6A), in accordance with previous reports (22, 39, 43). Similar
amounts of Fyn were present in the p120 catenin-immunopre-
cipitates independently of the p120 catenin phosphorylation
state (Fig. 6A). Thus, p120 phosphorylation had no effect on
Fyn-p120 catenin interaction. Results were similar when Fyn
was immunoprecipitated. Essentially the same levels of p120
catenin were bound to Fyn in both control IEC and K-ras cells
(Fig. 6B, upper panel). Therefore, as a consequence of the
better binding of tyrosine-phosphorylated p120 catenin to E-
cadherin, higher amounts of this cadherin were detected in the
Fyn immunoprecipitates in K-ras transformed cells (Fig. 6B,
third panel). These results suggest that K-ras regulates E-
cadherin association with Fyn through the tyrosine phosphor-
ylation of p120 catenin.

To verify this conclusion pull down experiments were per-
formed using GST-cytoE-cadherin as a bait, in the presence of
unphosphorylated or phosphorylated p120 catenin. Fer or Fyn
were only detected associated to E-cadherin when p120 cate-
nin was previously bound (Fig. 6C, compare lane 1 with 2 and
3). In both cases, and particularly for Fyn, tyrosine phosphor-
ylation of p120 catenin significantly enhanced the association
of the kinases with cytoE-cadherin (Fig. 6C, lanes 2 and 3).
These results further support our conclusion that p120 catenin
mediates Fer and Fyn association to E-cadherin.

The possible roles of other nonreceptor tyrosine kinases
were also examined. Both Yes and Src proteins were coimmu-
noprecipitated with p120 catenin (Fig. 6A, lower panels). At

least in these cells, Yes was present at higher levels than Src in
p120 catenin immunoprecipitates. Yes-p120 catenin interac-
tion was highly dependent on K-ras transfection; in IEC K-ras
the association of these two proteins was much more evident
than in control cells. Evidence of Yes-p120 catenin association
was also provided by experiments of Yes immunoprecipitation
(Fig. 7A).

The ability of Yes to interact with p120 catenin, which is
constitutively associated with Fyn, suggests that both tyrosine
kinases should be detected in the same complex. As shown in
Fig. 7A (middle panel), Fyn is present in anti-Yes immuno-
precipitates, but only in IEC K-ras cells. The interaction of Yes
with E-cadherin was also observed in pull down assays; in this
case the requirement of p120 catenin was clearly evidenced
since no binding was detected in the absence of this catenin
(Fig. 6C).

The differences observed in Yes-p120 catenin association
between IEC and IEC K-ras cells suggest that modifications in
one or both proteins are required for binding. In order to
answer this question, pull down experiments were performed
with GST-p120 catenin. Endogenous Yes kinase from IEC
cells did not bind to p120 catenin, irrespective of whether p120
catenin had been prephosphorylated by Src (Fig. 7B, middle
panel). However, Yes kinase from IEC-K-ras was efficiently
retained by GST-p120 catenin (Fig. 7B, middle panel). Phos-
phorylation of p120 catenin slightly increased the amount of
Yes bound to p120 catenin. On the other hand, Fyn behaved
differently; as expected from our previous results, no signifi-
cant changes in the amount of Fyn bound to p120 catenin were
detected in any of the conditions analyzed (Fig. 7B, upper
panel).

Therefore, modifications in the Yes protein induced after
transfection of K-ras are necessary for binding to p120 catenin.
The PTyr content of Yes was increased in IEC-K-ras respect
to IEC cells indicating that this kinase had been activated (Fig.
8A). Moreover, the activity of Yes kinase was higher when this
protein was immunoprecipitated from IEC-K-ras than from
control cells. Similar results were obtained when enolase (Fig.
8B), p120 catenin (Fig. 8C), or B-catenin (not shown) was used
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FIG. 5. Fer and Fyn kinases are activated in IEC18 K-ras. (A) IEC18 or IEC18 K-ras cells were transfected with 5 wg of pcDNA3-His-Fer or
empty vector as control. After 48 h, cell extracts were prepared and His-tagged Fer kinase was purified. Proteins bound to the nickel-agarose were
subjected to SDS-PAGE and Western blotting with anti-Xpress antibody to verify that similar levels of the transgene were expressed. Membrane
was stripped and reblotted to analyze the PTyr content of Fer. (B) The activity of purified Fer was determined by adding 0.4 pg of GST—f-catenin
under the phosphorylation conditions indicated in Materials and Methods for 1 h at 30°C. Samples were subjected to SDS-PAGE and Western
blotting with antibodies against PTyr, B-catenin, and Xpress (to check that similar amounts of B-catenin and Fer were present in the reactions).
(C and D) Assays were carried out as in panels A and B except that IEC18 or IEC18 K-ras cells were transfected with 5 g of pEF-Bos-Fyn and
extracts immunoprecipitated with anti-Fyn antibody. Determination of the B-catenin kinase activity present in the immunoprecipitate was
performed as in panel B. The position of immunoglobulin G (IgG) heavy chains is indicated.

as the substrate. These results also evidenced that p120 catenin
is a good substrate of Yes. Accordingly, the binding to p120
catenin takes place preferentially to activated Yes.

Since active Yes binds to pl20 catenin that is constitu-
tively associated to Fer and Fyn, it was of interest to examine
whether Yes was involved in the activation of these two ki-
nases. IEC18 cells transfected with the wild-type form of Yes
modestly stimulated the B-catenin kinase activity of Fyn, or the
PTyr content of this kinase, respect to cells transfected with the
empty vector (Fig. 9A). The stimulation was much more evi-
dent when a constitutively activated form of Yes (Tyr-535—
Phe) was used (Fig. 9A), indicating that active Yes causes Fyn
activation. The ability of Yes to directly activate Fer was also
analyzed. Purified Fer was incubated with Yes immunoprecipi-
tates, separated by centrifugation and analyzed in phosphory-
lation assays using B-catenin as substrate (Fig. 9B). Yes in-
creased the B-catenin kinase activity of Fer (Fig. 9B, compare
lanes 1 and 2); when Yes was immunopurified from IEC-K-ras
cells the stimulation of Fer activity was higher (Fig. 9B, lanes
1 and 3).

DISCUSSION

Altered cell adhesion is associated with the disruption of the
interaction of B-catenin with both E-cadherin (22, 27, 39) and
a-catenin (15, 16, 17). Disassembly of these complexes is ac-
companied by increased tyrosine phosphorylation of B-catenin
and is required for B-catenin to be transported to the nucleus
and act as a transcriptional coactivator (13, 30, 40). In previous
works we have evidenced that phosphorylation of B-catenin
Tyr-654 is important for the modulation of E-cadherin-B-cate-
nin interaction both in vitro and in vivo (7, 39). In this study we
identify a different tyrosine residue in B-catenin, Tyr-142, in-
volved in the regulation of B-catenin—a-catenin association.
Tyr-142 is the only tyrosine located in the B-catenin domain
involved in a-catenin interaction and is necessary for the sta-
bilization of the structure of this domain. The position of its
hydroxyl group, in close vicinity to two acidic residues, makes
it highly probable that the introduction of a negative charge
disrupts the a-catenin binding domain, thus impeding a-cate-
nin binding, as demonstrated by our results.
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FIG. 6. p120 catenin recruits Fer and Fyn kinases to the junctional complex. IEC18 or IEC18 K-ras total cell extracts (300 pg) were immunopre-
cipitated with anti-p120 catenin (A) or anti-Fyn (B) antibodies, and this was followed by immunoblotting with the indicated MAbs. Lane NI cor-
responds to the result of an immunoprecipitation performed with an irrelevant antibody. (C) GST-cytoE-cadherin (15 pmol) was incubated or not
with full-length p120 catenin (prephosphorylated with pp60°*'® when indicated). Forty micrograms of total extract prepared from IEC18 K-ras
transfected with 5 pg of pcDNA3-His-Fer was added. Protein complexes were pelleted down by affinity on glutathione-Sepharose beads, and proteins
bound to the complex were analyzed by SDS-PAGE and Western blotting with MADbs against Fyn, the Xpress epitope, Yes, and p120 catenin. The
estimated molecular masses of the bands detected with each antibody are indicated as well as the position of immunoglobulin G (IgG) heavy chains.

We have identified two nonreceptor tyrosine kinases that
can phosphorylate this residue: Fer and Fyn. Both kinases are
widely expressed in epithelial tissues (46) and have been im-
plicated in B-catenin phosphorylation and regulation of cell-

cell contacts (9, 20, 31, 38). We show here that conditions that
cause the disruption of both B-catenin—-E-cadherin and B-cate-
nin—a-catenin interactions (like K-ras transformation) increase
the activity of Fer and Fyn kinases and promote the phosphor-

B
IP: Yes INPUT IEC IEC K-ras
IEC IEC “lEc IEC’ * GST- GST' “ GST- GST
K-ras K-ras  P120-cat p120-cat
S WE: pp60c-src - + - + WE:
“ anti p120-cat SOKDA — e s e a— . S— anti Fyn
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62kDa — |
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FIG. 7. Yes is associated with p120 catenin in IEC-K-ras cells. (A) IEC18 or IEC18 K-ras total cell extracts (300 pg) were immunoprecipitated
with anti-Yes antibody, and the immune complexes were analyzed by sequential immunoblotting with antibodies against p120 catenin, Fyn, and
Yes. Position of immunoglobulin G (IgG) heavy chains is indicated. (B) Eleven picomoles of GST or GST-p120 catenin fusion proteins was
phosphorylated by pp60“*" under the conditions indicated in Materials and Methods. Pull down assays were performed with incubation of the GST
proteins with 50 pg of total cell extracts prepared from IEC or IEC-K-ras. Presence of Fyn, Yes, or p120 catenin in the complex was analyzed by
sequential analysis with specific MAbs. In the lane Input, a sample corresponding to 10% of the total cell extract used for the assay was loaded.
The estimated molecular masses of the bands detected with each antibody are shown.
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FIG. 8. Yes kinase is activated in IEC18 K-ras cells. IEC18 or IEC18 K-ras total cell extracts (300 pg) was immunoprecipitated with anti-Yes
antibody. The immune complexes were analyzed with the anti-PTyr MAD (A) or subjected to an in vitro kinase assay with 0.5 pg of enolase (B) or
GST-p120 catenin (C) as exogenous substrates. Samples were analyzed by SDS-PAGE and Western blotting with antibody against PTyr.
Membranes were reblotted with MAb against Yes. To verify that similar amounts of substrates were used in both cases, Ponceau S staining
(B) (central panel) and the anti-p120 blot (C) (central panel) are shown.

ylation of Tyr-142 and Tyr-654. Phosphorylation of these herin association (see above). Fer does not phosphorylate Tyr-

two residues regulates the interaction with the two B-catenin 654, and Fyn does so with very low efficiency (data not shown),
partners differently: whereas modification of Tyr-142 inhibits suggesting that these kinases do not directly regulate B-cate-
a-catenin binding, phosphorylation of Tyr-654 alters E-cad- nin-E-cadherin interaction. However, we cannot discard that
A B
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FIG. 9. Yes kinase activates Fer and Fyn. (A) IECI1S cells were transfected with 5 ug of pMIK-Neo-Yes kinase (wild type or the constitutively
active form Tyr-535—Phe) or empty vector. After 48 h, cell extracts were prepared and 200 pg of total cell extracts were immunoprecipitated with
anti-Fyn antibody. The immune complexes were analyzed with an anti-PTyr MAD or subjected to an in vitro kinase assay with 0.5 g of GST—B-catenin
as exogenous substrate and analyzed by sequential immunoblotting with antibodies against PTyr and Fyn. The position of immunoglobulin G (IgG) heavy
chains is indicated. Very little phosphorylation was obtained when a similar assay was performed using GST—B-catenin (Y142F) as substrate (not shown).
(B) IECI18 cells were transfected with 5 ug of pcDNA3-His-Fer kinase. After 48 h, cell extracts were prepared and His-tagged Fer kinase was purified
by chromatography on Ni**-agarose and eluted with 60 1 of lysis buffer plus 200 mM imidazole. In parallel, 300 wg of IEC18 or IEC18 K-ras total cell
extracts was immunoprecipitated with anti-Yes antibody. The immune complexes were mixed with 20 .l of eluted-Fer kinase and incubated 1 h at 30°C
in conditions indicated for kinase assays. Supernatants containing Fer were separated from the immunocomplexes spinning 30 s in a microcentrifuge and
subjected to a GST-B-catenin kinase assay as mentioned above. The extent of tyrosine phosphorylation was analyzed blotting with an anti-kinase PTyr
MAD. As control to verify that similar amounts of Yes were immunoprecipitated, immunocomplexes were also analyzed by Western blotting with anti-Yes
antibody. Lane NI corresponds to the B-catenin phosphorylation obtained when the 20 pl of eluted-Fer was incubated with an IEC18 K-ras cell
extract immunoprecipitated with an irrelevant antibody. No phosphorylation of B-catenin was observed when Fer kinase was omitted from the reaction
or when GST—B-catenin (Y142F) was used as substrate. The molecular masses of 120 and 95 kDa correspond to GST-B-catenin and Fer, respectively.
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they may indirectly alter this association in other cell systems.
Both enzymes in vitro phosphorylate p120 catenin and increase
its binding to E-cadherin (data not shown). Therefore, Fer or
Fyn may facilitate the interaction of p120 catenin-associated
kinases to E-cadherin and the phosphorylation of B-catenin
Tyr-654 by these still unidentified enzymes. This would explain
why B-catenin—E-cadherin interaction is lost in other cell sys-
tems after overexpression of Fer kinase (38). This hypothetical
p120 catenin associated kinase specific for B-catenin Tyr-654
does not correspond to any of the Src family members studied
in this article, since in our assays Yes does not phosphorylate
this residue (not shown) and Src does it with low efficiency
(39). We consider more likely the possibility that the epidermal
growth factor receptor or its homologue erbB2, both of which
phosphorylate Tyr-654 (data not shown), might interact with
the tyrosine-phosphorylated form of p120 catenin. For the
same reason we cannot totally discard the notion that another
pl120 catenin-associated kinase, different from Fer or Fyn,
might be responsible for Tyr-142 phosphorylation in this or
another cell system.

Our results also show that Fyn and Fer kinase mutually
complement their ability to regulate cell adhesion. These data
explain why mice deficient for Fyn or Fer tyrosine kinase ac-
tivities present such mild phenotypes (10, 44). Other protein
kinases from the Fer or Src families, e.g., Fps, may also show
the same specificity for B-catenin or p120 catenin. At this
respect, in vitro assays performed in our lab indicate that p120
catenin can be directly phosphorylated by several tyrosine ki-
nases (not shown).

Our data suggest that p120 catenin is essential for the reg-
ulation of the adherens complex. This protein, initially de-
scribed as a heavily tyrosine phosphorylated protein after Src
transformation, binds to the cytoplasmic domain of E-cad-
herin, to a different sequence than B-catenin (12, 37, 48).
Tyrosine phosphorylation of p120 catenin enhances binding to
E-cadherin (22, 39, 43); however, the role of this increased
association in the regulation of E-cadherin functionality is still
a matter of discussion. Although most authors report negative
effects of p120 overexpression on cell-cell adhesion (4, 5, 29,
33), positive actions have also been described (4, 47). Our
results suggest that p120 catenin is normally associated to the
tyrosine kinases Fer and Fyn, and also binds Yes when this
kinase is active. Yes can also activate Fyn and Fer, indicating
that p120 catenin may facilitate the activation of these kinases,
increasing the effective concentration of active Yes in their
vicinity. It is possible that the role of Yes is exerted in other cell
lines by similar kinases such as Src.

Our results also suggest a possible role of p120 catenin as a
docking protein facilitating the interaction of Fer and Fyn with
the adherens junction complex, and the subsequent phosphor-
ylation of B-catenin Tyr-142. Since p120 catenin interacts with
E-cadherin, the activity of the p120 catenin-associated Fer and
Fyn kinases would be mainly restricted to B-catenin still bound
to E-cadherin. This hypothesis suggests that phosphorylation
of B-catenin Tyr-142 would precede that of Tyr-654 and dis-
ruption of B-catenin—a-catenin to that of B-catenin-E-cad-
herin. However, recent data suggest that this sequential model
may not be entirely correct. In Drosophila melanogaster, p120
catenin has been reported to interact indirectly with a-catenin
through the simultaneous binding of both proteins to Rhol
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FIG. 10. Proposed model of regulation of a-catenin—B-catenin in-
teraction. In canonical adherens junctions, E-cadherin contacts with
the actin cytoskeleton through B-catenin and a-catenin. p120 catenin is
associated to Fer or/and Fyn kinases and normally is not bound to the
E-cadherin complex. Following activation, Yes binds to the p120-Fer/
Fyn complex and activates Fer/Fyn kinases. Either Yes, Fer/Fyn, or both
phosphorylate Tyr residues in p120 catenin and enhance its binding to
E-cadherin. Alternatively, the Fer/Fyn/Yes-p120 catenin complex binds to
a-catenin through the association to Rho. The presence of Fer/Fyn
kinases in the adhesion complex promotes the phosphorylation of -
catenin Tyr-142 and subsequent disruption of a-catenin—3-catenin in-
teraction. For the sake of clarity, Fer, Fyn, Yes, and Rho proteins have
not been depicted bound to the membrane, where they are probably
located. For the same reason, p120 catenin is not presented simulta-
neously bound to Rho and E-cadherin, a fact that cannot be discarded.
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(24). Therefore, p120 catenin can associate with the adherens
junction complex independently of E-cadherin and promote
a-catenin—B-catenin disassembly even though B-catenin is not
attached to E-cadherin. Our present view of the regulation of
the adhesion complex is depicted in Fig. 10. However, many
questions remain still unanswered, mainly concerning to the
association of the p120 catenin complex to a-catenin. For in-
stance, it is still not clear which forms of Rho associate with
a-catenin and p120 catenin and whether this interaction is
dependent on p120 catenin phosphorylation, either in tyrosine
or serine residues. In any case, the results presented in this
work open new perspectives on the function of p120 catenin
and associated kinases in the regulation of adherens junctions.
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